of action of these substances was examined further. 5-Hydroxytryptophan greatly inhibited the formation of synthetase and also reduced growth. Its inhibitory action on growth was attributed, at least partially, to the false feedback inhibition of anthranilic acid formation. Tryptamine was found to be a potent inhibitor of the activity of synthetase, as well as of the enzyme(s) involved in the synthesis of anthranilic acid from shikimic acid. However, growth reduction was only partially reversed by tryptophan. Indole-3-acetic acid and indole-3-propionic acid decreased growth and increased the formation of synthetase six-to eightfold. The action of these compounds was ascribed to their ability to block the endogenous formation of tryptophan. the enzymatic constitution of the cell (Pardee, 1959) . This control is accomplished by the stimulation or inhibition of enzyme activity or formation (Davis, 1961) . Many enzymes concerned with degradative and synthetic pathways have been investigated in attempts to discover the mechanisms involved in these control systems. However, little data have been reported on the regulation of enzymes involved in both the synthesis and dissimilation of a single physiologically important compound.
The present studies were designed to elucidate some of the mechanisms involved in the physiological control of tryptophan metabolism in Escherichia coli. To this end, investigations were initiated on those factors affecting the formation and activity of tryptophanase (tryptophan -* indole + pyruvate + NH3), the major enzyme involved in tryptophan degradation, and tryptophan synthetase (indole + serine -* tryptophan), the final enzyme in the pathway of the biosynthesis of this amino acid.
The presence of tryptophan during growth markedly affects the formation of both tryptophanase (Fildes, 1938) and tryptophan synthetase (Monod and Cohen-Bazire, 1953) , and the influence of this compound on the two enzymes was studied first.
MATERIALS AND METHODS
Organisms. The two strains of E. coli employed in most of these studies were Crookes (ATCC 8739) and ATCC 9723E. The tryptophan auxotroph, E. coli T-24, which accumulates anthranilic ribonucleoside, was kindly supplied by John Spizizen.
Culture. The basal medium employed consisted of KH2P04, K2HP04, and NaCl (1 g each); MgS04*7H20, 0.7 g; (NH4)2S04, 4 g; Na citrate, 0.5 g; acid-hydrolyzed casein (Difco), 10 g; and deionized water to 1 liter. The pH prior to 979 on September 13, 2017 by guest http://jb.asm.org/ Downloaded from autoclaving was adjusted to 6.8 to 7.0. For maximal synthetase activity, the cells were grown in the presence of 10-1 M glucose; cells harvested for the assay of tryptophanase were grown in basal medium plus 5 X 10-3 M DL-tryptophan. The tryptophan auxotroph was grown in the basal medium containing 0.2% glucose and 15 ,ug/ml of indole. Growth was measured in a Klett-Summerson photoelectric colorimeter at 420 m,u. Other procedural details have been described previously (Freundlich and Lichstein, 1960) .
Chemicals. The chemicals used in these studies were obtained commercially.
Preparation of extracts. Bacterial cell suspensions (1 g wet weight of cells in 8 ml of 0.5 M tris(hydroxymethyl)aminomethane (tris)-succinate buffer, pH 7.0) were subjected to sonic oscillation for 5 min in a 20-kc magnetostrictive oscillator (Mullard). Cell debris was removed by centrifugation at 15,000 X g for 15 min. Protein was determined by the biuret method (Gornall, Bardawill, and David, 1949) .
Tryptophanase and tryptophan synthetase assays. The procedure for these assays was described previously (Freundlich and Lichstein, 1960) . Whole cells were used except where noted.
Pyridoxal hydrochloride (5 jAg/ml) was added in the synthetase assays employing intact bacterial cells, but was found unnecessary for maximal tryptophanase activity in whole cells.
Pyridoxal phosphate (5 jig/ml) was added to bacterial extracts for the assay of both enzymes.
Enzymatic synthesis of anthranilic acid. The method of Srinivasan (1959) was used with modification. The reaction mixture contained the following in a final volume of 2 ml: shikimic acid (0.3 umoles), glutamine (10 ,umoles), MgCl2 (8 ,moles), adenosine triphosphate (2 ,umoles), diphosphopyridine nucleotide (0.7 mg), tris buffer (pH 8.2; 50 ,umoles) , and varying amounts of bacterial extract. The reaction was stopped by immersing the tubes in boiling water for 2 min. The contents were then brought to pH 6.0 with 1 M tris buffer and extracted in 2 ml of ethyl acetate. A 1-ml sample of the ethyl acetate layer was recovered and the solvent removed by boiling. The residue was suspended in 5.5 ml of distilled water, and the amount of anthranilic acid in the material was estimated by the method of Bratton and Marshall as modified by Rhuland and Bard (1952 Effect of compounds related to tryptophan on tryptophanase and tryptophan synthetase formation. Excellent tryptophanase activity was obtained when the bacterial cells were grown in basal media containing indole, L-, DL-, or glycyl-L-tryptophan (Table 2 ). Some tryptophanase formation was also evident when 5-hydroxytryptophan, anthranilic acid, shikimic acid, or indole-3-acetic acid were included in the growth medium. These compounds were then added to uninduced washed bacterial cells, to investigate more fully their ability to promote tryptophanase formation. In this case, however, 1% acid-hydrolyzed casein was added to permit induction, and L-tryptophan was replaced by the compound to be tested. Little or no enzyme activity was manifest unless L-tryptophan was present, suggesting that the capacity of these compounds to induce tryptophanase during growth is due to their conversioni by the bacterial cells to indole or tryptophan (Table 3 ). The data in Table 2 reveal that compounds which increased the level of tryptophanase decreased the formation of synthetase; L-, DL-, and glyCyl-L-tryptophan were equally effective in repressing the enzyme. 5-Hydroxy and 5-methyl tryptophan diminished synthetase more effectively than did L-tryptophan. Possibly the analogues were metabolized more slowly than the natural amino acid, thus permitting a longer period of inhibition. Both shikimic and anthranilic acids, known precursors of tryptophan (Yanofsky, 1960) , were slightly inhibitory to synthetase formation, while allowing some induction of tryptophanase. This suggests that the addition of these compounds to the growth medium resulted in the production of tryptophan by the bacterial cells. However, some growth reduction was noted when the cells were grown in the presence of anthranilic acid. Lester and Yanofsky (1961) found that anthranilic acid inhibited growth of an E. coli mutant and increased the formation of synthetase by blocking the production of the tryptophan precursor, indole-3-glycerol phosphate. The fact that anthranilic acid decreased both growth and the level of synthetase while increasing tryptophanase in the present system points to another site of inhibition. In this connection, Burns (1961) reported that in E. coli anthranilic acid has the ability to protect tryptophan from the action of tryptophanase, thus permitting greater production of the inducible enzyme. Possibly anthranilic acid competes in a tryptophan reaction involved in the formation of cellular components essential for growth. Thus, tryptophan would be made available for the induction of tryptophanase and the repression of synthetase, while blocking of the hypothetical reaction would concomitantly decrease growth Effect of 5-hydroxytryptophan on growth and tryptophan synthetase. In these experiments, the bacterial cells were incubated on a reciprocal shaker in 10 ml of medium contained in screwcap tubes (16 X 125 mm). All levels of 5-hydroxytry)tophan (5 to 500 Ag/ml) added to the media inhibited both synthetase and growth (Table  4) . Growth suppression was overcome by the addition of L-tryptophan or indole in amounts as low as 5 ,ug/ml. Restoration of growth in the presence of indole suggested that repression of synthetase by 5-hydroxytryptophan was not the mechanism for growth inhibition. Moyed (1960a) reported similar effects on growth and tryptophan synthetase formation when E. coli was grown in the presence of 5-methyltryptophan. He also found that 5-methyltryptophan inhibits the activity of the enzyme(s) converting shikimic acid-5-phosphate to anthranilic acid.
The possibility that 5-hydroxytryptophan acts in a similar fashion was investigated. The bacterial cells were grown under aerobic conditions in basal medium with added 5-hydroxyor 5-methyltryptophan. Growth repression by the two analogues was almost completely over- come by the addition of shikimic acid or shikimic acid plus glutamine (Table 5) . Surprisingly, anthranilic acid was only slightly effective in restoring growth. Permeability of anthranilate did not appear to be a factor, since some growth inhibition was noted when this compound was added to the basal medium devoid of 5-hydroxyor 5-methyltryptophan. Trudinger and Cohen (1956) reported that anthranilic acid enhanced the growth-inhibitory action of 4-methyltryptophan, a comlpound which acts like 5-methyltryptophan. Lester and Yanofsky (1961) found that growth inhibition by high concentrations of anthranilic acid cannot be overcome by tryptophan. It is probable that a reaction not leading to tryptophan synthesis is inhibited by anthranilic acid, thus preventing it from alleviating growth reduction by compounds which block the formation of intermediates in tryptophan production.
To ascertain more precisely the site of inhibition by 5-hydroxytryptophan, cells of E. coli (strain T-24) were subjected to sonic oscillation at 20 kc for 5 min in a magnetostrictive oscillator (Mullard). The synthesis of anthranilic acid was studied, employing these extracts. In agreement with Moyed (1960a) , it was found that tryptophan and 5-methyltryptophan were potent inhibitors of anthranilic acid synthesis (Table  6 ). However, 5-hydroxytryptophan was much less effective. These results may help to explain the effect on growth of 5-hydroxytryptophan as contrasted with 5-methyltryptophan. Even at the highest level employed, growth was not completely inhibited by 5-hydroxytryptophan (Table 4) , whereas complete suppression of growth occurred when 5-methyltryptophan was added at concentrations above 100 ,ug/ml. It is not known whether the partial inhibition of the formation of anthranilic acid by 5-hydroxytryptophan is the only reaction affected by the analogue.
Effect of tryptamine on growth and enzymes in the tryptophan pathway. As already noted, tryptamine markedly repressed the growth of E. coli (9723E) and decreased the endogenous formation of tryptophanase (Table 2 ). Further study revealed that tryptamine was a potent inhibitor of synthetase activity in whole cells and sonic extracts (Table 7) , inhibition being virtually complete in the presence of 500 Ag/ml.
The synthesis of anthranilic acid by bacterial extracts was also strongly retarded in the presence of tryptamine (Table 6 ). These data suggest that tryptamine inhibits growth by blocking the biosynthesis of tryptophan. However, the addition of tryptophan only partially alleviated growth depression (Table 8) . Competition between tryptophan and tryptamine for entry into the cell did not appear to be a factor, since even high concentrations of tryptophatn were not very effective in restoring growth. In this connection, it has been shown (Boezi and DeMoss, 1961 ) that tryptamine has no effect on the uptake of tryptophan in resting-cell suspensions of E. coli. It is probable that the compound blocks some other reaction in addition to those involved in tryptophan biosynthesis.
Further experiments revealed that the presence of tryptamine caused a long lag period in growth (Fig. 1) . Moreover, growth suppression was gradually alleviated with time so that by 24 hr growth in the presence of inhibitor was close to that obtained in the absence of tryptamine. To investigate further this effect, bacterial cells that had "recovered" from the effect of tryptamine were harvested and inoculated into fresh medium with added tryptamine (Fig. 2) . The medium from which the "recovered" cells had grown was reinoculated with fresh cells (Fig. 3) . Under these conditions, growth was reduced in the "recovered" cells but not in the flasks containing fresh cells and old medium. Furthermore, samples of old medium produced a deep pink color with the Salkowski reagent (Tang and Bonner, 1947) , whereas fresh medium with added tryptamine gave no reaction. Samples of medium from which cells had recovered from growth did not inhibit the synthesis of anthranilic acid in bacterial extracts, a reaction strongly inhibited by tryptamine (Table 6) . It would appear, therefore, that the rapid recovery in growth by cells grown in the presence of tryptamine is brought about by the breakdown of the inhibitor to an unidentified, nontoxic compound.
Effect of indole-3-propionic acid and indole-3-acetic acid on tryptophan synthetase and growth. The addition of indole-3-propionic acid or indole-3-acetic acid to the growth medium increased FIG. 2. Effect of tryptophan analogues on growth of Escherichia coli 972SE previously cultured in the presence of these analogues. Cells grown in the presence of these compounds (Fig. 1) were recovered by centrifugation and reinoculated into fresh media with and without the analogues. Growth was measured in a Klett-Summerson colorimeter at 420 my.
Other conditions as in Fig. 1. the formation of synthetase and decreased the growth of E. coli 9723E ( Table 2 ). The stimulation of synthetase by these compounds was more marked with E. coli (Crookes), hence this strain was employed in the following experiments. The addition of indole-3-propionic acid or indole-3-acetic acid increased synthetase approximately sixfold, while decreasing growth (Table 9 ). Growth inhibition was less severe in the presence of indole-3-acetic acid. Moreover, significant stimulation of enzyme without growth reduction was noted when 10 ,g/ml were used. The effect of these compounds appeared to be due to an inhibition of tryptophan production, since the addition of tryptophan or indole reduced synthetase stimulation and increased growth (Table 10 ). However, added tryptophan did not repress synthetase completely in the presence of indole-3-acetic or indole-3-propionic acid. These results are similar to those of Lester and Yanofsky (1961) , who reported that 3-methylanthranilic acid or anthra- (Fig. 1) . Media were freed of bacteria by centrifugation, and reinoculated with fresh bacterial cells. Growth was measured in a Klett-Summerson colorimeter at 420 mr/. Growth conditions as in Fig. 1. nilic acid decreased growth and increased tryptophan synthetase by virtue of their ability to block the formation of indole-3-glycerol phosphate.
It was noted previously ( Table 2 ) that cells grown in the presence of indole-3-acetic acid possessed a fair level of tryptophanase. The mechanism responsible for these seemingly contradictory results was studied next. In these experiments, the cells were grown at 27 C, on a rotary shaker, in 15 ml of medium contained in 300-ml flasks fitted with a colorimeter tube. Growth of the bacterial cells in the presence of either indole-3-propionic acid or indole-3-acetic acid was inhibited to the same degree until about 10 hr (Fig. 1) . After this time, the cells grown with indole-3-acetic acid proliferated much more rapidly, and at 24 hr the total growth of such cells was comparable with that of the culture grown without inhibitors. In contrast, axI-a i I-
